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ABSTRACT
We use the Zurich ENvironmental Study (ZENS) database to investigate the environmental depen-
dence of the merger fraction Γ and merging galaxy properties in a sample of ∼ 1300 group galaxies
with M > 109.2M and 0.05 < z < 0.0585. In all galaxy mass bins investigated in our study, we
find that Γ decreases by a factor of ∼ 2 − 3 in groups with halo masses MHALO > 1013.5 M rela-
tive to less massive systems, indicating a suppression of merger activity in large potential wells. In
the fiducial case of relaxed groups only, we measure a variation ∆Γ/∆ log(MHALO) ∼ −0.07 dex−1,
which is almost independent of galaxy mass and merger stage. At galaxy masses > 1010.2 M, most
mergers are dry accretions of quenched satellites onto quenched centrals, leading to a strong increase
of Γ with decreasing group-centric distance at these mass scales. Both satellite and central galaxies
in these high mass mergers do not differ in color and structural properties from a control sample of
nonmerging galaxies of equal mass and rank. At galaxy masses < 1010.2 M – where we mostly probe
satellite–satellite pairs and mergers between star-forming systems – close pairs (projected distance
< 10 − 20 kpc) show instead ∼ 2× enhanced (specific) star formation rates and ∼ 1.5× larger sizes
than similar mass, nonmerging satellites. The increase in both size and SFR leads to similar surface
star-formation densities in the merging and control-sample satellite populations.
Subject headings: galaxies: evolution – galaxies: formation – galaxies: groups: general – galaxies:
interactions – galaxies: star formation – galaxies: structure
1. INTRODUCTION
It is observationally established that galaxy properties,
such as star-formation activity or morphology, can be in-
fluenced by the surrounding environment (e.g., Oemler
1974; Dressler 1980; Balogh et al. 1999; Baldry et al.
2006; Weinmann et al. 2006; Park et al. 2007; Peng et al.
2010; Kormendy & Bender 2012; Newman et al. 2012;
Peng et al. 2012; Wetzel et al. 2012; Carollo et al.
2014; Cibinel et al. 2013a,b). Among the different pro-
cesses through which environmental forcing on galaxies
can manifest itself, an enhanced rate of galaxy-galaxy
interactions or mergers (e.g., Toomre 1977; Feldmann
et al. 2010; Kampczyk et al. 2013) is naturally expected
in a Λ cold dark matter (ΛCDM) universe, in which the
backbone growth of dark matter halos is well understood
in terms of hierarchical accretion of smaller structures
within the filamentary cosmic web (e.g., Davis et al. 1985;
Pearce et al. 1999; Wechsler et al. 2002; Springel et al.
2006; Maulbetsch et al. 2007; McBride et al. 2009).
Together with both internal (e.g., bar instabilities, Ko-
rmendy 1979; Combes et al. 1990; Carollo et al. 1997;
Carollo 1999; Debattista et al. 2004, 2006; Kormendy
& Kennicutt 2004) and environmental secular processes
(e.g., ram-pressure stripping or harassment, Gunn &
? Based on observations collected at the European Southern
Observatory, La Silla Chile. Program ID 177.A-0680
† E-mail: anna.cibinel@cea.fr
Gott 1972; Moore et al. 1996; Kormendy & Bender
2012), mergers can play a substantial role in the evo-
lution of galaxies in high-density environments (Perez
et al. 2009; McIntosh et al. 2008; Kormendy et al. 2010;
Kampczyk et al. 2013, see also Kormendy 2013 for a
review on internal versus external processes). Interac-
tions and mergers between relatively gas-rich galaxies
are likely to induce an enhancement in the star-formation
rates (SFRs) of participating units or coalesced remnants
(e.g., Larson & Tinsley 1978; Mihos & Hernquist 1994;
Barnes 2004; Feldmann et al. 2010; Kampczyk et al.
2013; Robotham et al. 2013) and are undoubtedly able
to alter galaxy morphologies and structural properties
(e.g., Toomre & Toomre 1972; Dekel & Cox 2006; Hop-
kins et al. 2008; Naab Burkert & Hernquist 1999; Naab,
Jesseit & Burkert 2006; Feldmann et al. 2008, 2010).
A number of studies have investigated galaxy mergers,
and their effects on galaxy properties, as a function of
galaxy stellar mass, central/satellite rank and environ-
ment (e.g., Barton et al. 2007; Perez et al. 2009; Ellison
et al. 2010; Robotham et al. 2013). Although there is a
general consensus that galaxies interacting with a close
companion show a factor of ∼2 enhancement in their
SFRs (e.g., Larson & Tinsley 1978; Kennicutt et al.
1987; Barton et al. 2000; Lambas et al. 2003; Robaina
et al. 2009; Bridge et al. 2010; Robotham et al. 2013) and
in their specific star formation rates (sSFR; Sol Alonso
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et al. 2006) relative to their counterparts in isolation, it is
still debated whether the strength of the merger-induced
star formation varies with environment. Some of these
studies indicate that the enhancement of star formation
is predominantly happening in pairs with small (< 20
kpc) physical separations (Alonso et al. 2004; De Propris
et al. 2005; Geller et al. 2006; Perez et al. 2009; Ellison
et al. 2010; Scudder et al. 2012; Patton et al. 2013); other
works suggest that star formation in merging systems is
preferentially enhanced only in the poorest groups (Sol
Alonso et al. 2006) or at relatively low large-scale struc-
ture (LSS) densities (Perez et al. 2009; Ellison et al.
2010; Patton et al. 2011; Kampczyk et al. 2013). A com-
prehensive picture is, however, still missing, often be-
cause of a lack of disentanglement of the environmental
signal from the effect of galaxy mass and because of dif-
ferences between the adopted environmental definitions
in the various studies.
Furthermore, it is also unclear which environment is
more conducive to galaxy mergers and interactions. The
N -body simulations of a ΛCDM universe show that dark
matter halo position, orbit and rank in the LSS de-
termine whether and when halos will merge (e.g., An-
gulo et al. 2009). While this indirectly implies a depen-
dence of galaxy mergers and interaction rates on environ-
ment, the relative importance of the LSS density, group
halo mass, and location within group halos in facilitat-
ing galaxy encounters is still unclear. Also debated is
whether galaxy mergers can affect both central galax-
ies and satellite galaxies in the same halos. Semiana-
lytic models of galaxy formation seem to indicate that
satellite–satellite mergers are rare and that most mergers
involve central galaxies swallowing satellites (e.g., Hatton
et al. 2003; Guo et al. 2011); currently there is, however,
little observational evidence for this.
In this work we utilize the database of the Zurich En-
vironmental Study (ZENS) (Carollo et al. 2013b, here-
after Paper I) to make further progress on understanding
the dependence of the merger fraction and the properties
merging galaxies on (1) galaxy stellar mass, (2) rank of
central or satellite within a group halo potential, and
(3) local (mass of host group halo and group-centric dis-
tance) versus LSS environment.
Specifically we use the environmental measurements
of Paper I, the structural measurements for the ZENS
galaxies presented in Cibinel et al. (2013a, hereafter
Paper II), and the corresponding photometric measure-
ments presented in Cibinel et al. (2013b, hereafter Paper
III) to investigate: (1) how the fraction of galaxy merg-
ers depends, at fixed stellar mass and central/satellite
rank, on group halo mass, group-centric distance and
large scale structure (over)density; and (2) the structural
and star-formation properties of satellites and centrals
participating in mergers, relative to nonmerging galaxies
of similar stellar mass, rank and environment.
The paper is organized as follows. In Section 2, a brief
summary of ZENS is given, with emphasis on the set
of environmental, structural and photometric measure-
ments of Papers I, II and III, that we utilize for this
study as well as on the definition of the (sub) sample of
merging galaxies. The dependence of merger fraction on
the mass of the group, group-centric distance and LSS
density is presented in Section 3. We present our results
on the properties of merging satellites in Section 4 and
merging centrals in Section 5. The results are discussed
in Section 6 and summarized in Section 7. Throughout
this work we assume Ωm = 0.3, ΩΛ = 0.7 and h = 0.7;
all magnitudes are in the AB system.
2. DATASET
2.1. A brief description of ZENS
ZENS is based on a sample of 141 galaxy groups ex-
tracted from the 2-degrees Field Galaxy Redshift Sur-
vey (2dFGRS; Colless et al. 2001), and specifically from
the Percolation-Inferred Galaxy Group (2PIGG) catalog
(Eke et al. 2004a). The 141 ZENS groups are an unbi-
ased selection of the 2PIGG groups in the redshift range
0.05< z <0.0585 that have at least five confirmed mem-
bers brighter than bJ = 19.45; ZENS group halo masses
range from ∼ 1012.3M to ∼ 1014.8M.
We observed all ZENS groups in the B and I bands
with the Wide Field Imager (WFI) camera on the 2.2m
telescope at la Silla (ESO Large Programme 177.A-0680).
The details of these observations are provided in Pa-
per II. Briefly, our new imaging reached a resolution
of about 1′′ (∼ 1kpc at the redshift of ZENS) in both
bands and, with a total integration time of about 700
sec per group, a depth of µ(B)=27.2mag/arcsec2 and
µ(I)=25.5 mag/arcsec2. A fully-calibrated set of struc-
tural and photometric parameters obtained from these
observations is published in the ZENS catalog of Paper I.
The derivation of the structural parameters is described
in Paper II, and the corresponding photometric measure-
ments are presented in Paper III. Key data products from
these works which we utilize in this paper include mea-
surements of galactic sizes (I-band half-light radii from
single Se´rsic profiles) integrated and spatially resolved
(B − I) colors, stellar masses, SFRs and sSFRs. Galaxy
stellar masses and (s)SFRs were derived from spectral en-
ergy distribution (SED) fitting using the ZEBRA+ code
(Oesch et al. 2010), an unpublished upgraded version
of the ZEBRA code of Feldmann et al. (2006). Specif-
ically, ZEBRA+ was run using synthetic stellar popu-
lation models from the Bruzual &, Charlot et al. (2003)
library, with a Chabrier et al. (2003) initial mass function
(IMF).
2.2. Four Different Measurements of Environment
ZENS enables us with a single galaxy sample to investi-
gate how galaxy properties depend, at fixed stellar mass,
on four different measurements of environment: (1) the
mass of the host group halo, MHALO, (2) the projected
group-centric distance R in units of Rvir, the typical scale
radius of the group halo3, (3) the LSS (over)density δLSS,
and (4) the rank of central or satellite galaxy within the
group halo. Paper I presents the computations of these
environmental metrics, including a comprehensive set of
tests done to assess their robustness; here we only briefly
highlight the main steps in their derivation.
The group halo mass MHALO was computed from the
total group luminosity, integrating the luminosity func-
tion to account for the contribution of galaxies below the
3 Rvir is defined in Paper I as R200 =
(
GMHALO
[10H(z)]2
)1/3
, with
H(z) = H0
√
ΩM (1 + z)3 + ΩΛ the Hubble constant at the given
redshift.
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TABLE 1
Statistics of galaxies in mergers
All groups All mergers Class 1 Class 2 Class 3 Class 4
Total 162 (74,43) 34 (27,15) 19 (13,6) 89 (14,2) 20 (20,20)
Centrals 32 (15,7) 8 (5,2) 6 (5,1) 14 (1,0) 4 (4,4)
Low-mass satellites 81 (38,25) 14 (13,8) 3 (1,0) 50 (10,1) 14 (14,14)
([109.2 − 1010.2[ M)
High-mass satellites 49 (21,11) 12 (9,3) 10 (7,5) 25 (3,1) 2 (2,2)
([1010.2 − 1011.7] M)
Relaxed groups
Total 123 27 15 67 14
Centrals 28 8 5 12 3
Low-mass satellites 59 8 2 40 9
([109.2 − 1010.2[ M)
High-mass satellites 36 11 8 15 2
([1010.2 − 1011.7] M)
Note. — Breakdown of the number of central and satellite galaxies per merger type: class 1: close pairs with clear signs of
mergers, identified as single objects in the 2dFGRS, no confirmation of physical association; class 2: same as 1, but physical
association confirmed by redshifts found in other surveys (see text); class 3: ‘close kinematic pairs’ with projected distances
lower than 50 kpc; class 4: single galaxies with disturbed morphologies and/or irregular shapes. We refer to these galaxies
as ‘coalesced systems’ throughout the paper. The numbers in parentheses in the upper half of the Table refer to galaxies in
systems with projected separation lower than 20 kpc and 10 kpc (left and right, respectively). Satellites are further split into
two galaxy mass bins ([109.2−1010.2[ M and [1010.2−1011.7] M), as discussed in Section 2.4. The table shows additionally
the statistics for relaxed groups only, where the majority of the mergers occurs.
survey magnitude limit. The luminosity is then trans-
formed into the dark matter halo mass by assuming a
mass-to-light ratio calibrated with mock catalogs (Eke
et al. 2004b). Tests done to assess the impact of inter-
lopers and missed galaxies show that the masses of ZENS
groups have a statistical uncertainty of about 0.3 dex.
The δLSS was defined through a fifth-nearest-neighbor
algorithm, using however the mass-weighted groups (not
the galaxies, as commonly done) as the tracers of the
LSS density field. All galaxy members of a given ZENS
group are thus at the same underlying LSS density. This
approach reduces the cross-talk which is present, espe-
cially at high densities, between LSS density and halo
mass/richness (and thus group-centric distance), when
using the individual galaxies as Nth-nearest neighbors
(see, e.g., Peng et al. 2010). The typical size of the LSS
probed by our estimate of δLSS is between 1.5 Mpc and
2.5 Mpc (25th and 75th percentiles of the distributions of
distances to the 5th nearest group, including ungrouped
galaxies, see Paper I).
Both the radial projected position and the cen-
tral/satellite rank depend on an accurate definition of
the central galaxy in each group. We classified the ZENS
groups as relaxed and unrelaxed, depending on whether
or not a self-consistent solution for a galaxy member to
be the central galaxy could be found for that group.
To be bona fide centrals, we required galaxies (1) to
be consistent with being the most massive member of
the group (within the errors associated with our galaxy
stellar mass estimates), (2) to be located at a projected
distance within 0.5Rvir from the mass-weighted center of
the group, and (3) to have a velocity within one stan-
dard deviation from the mean group velocity. In about
one-half of the groups, no galaxy member satisfied si-
multaneously these three conditions. These groups were
flagged as unrelaxed and had assigned, as a formal cen-
tral galaxy, the galaxy member with the highest stellar
mass (although either the spatial or the velocity condi-
tions for it to be a genuine central were not satisfied -
see Paper I).
2.3. The Merger Sample
A total of 162 galaxies with mass above 109.2 M were
identified as merging/disturbed systems in the ZENS
sample; this includes ‘interacting galaxies’ (class 1 and
2 ), ‘close kinematic pairs’ (class 3 ) and ‘coalesced sys-
tems’ (class 4 ) as summarized in Table 1.
Specifically, galaxies in the interacting sample are sys-
tems that were identified as single sources in the 2dF-
GRS (namely they have only one redshift measurement)
but for which we found an overlapping companion or
clear merger features with another nearby galaxy (with
no 2dFGRS spectra) in our WFI imaging. There are
26 such pairs (or triplets, see Figure 41 in Paper II)
with a median separation of ∼11 kpc. Structural and
photometric properties have been measured on each in-
dividual galaxy in most of the cases. In nine of these
pairs we found the redshift of both companions in ei-
ther the Sloan Digital Sky Survey (SDSS) (York et al.
2000) or the NED4 databases (merger flag = 2 in the
ZENS database, class 2 in this work); this confirmed
a physical association of the two galaxies in a merger
process. In the remaining cases for which no spectro-
scopic information is available (merger flags = 1, 1.5 in
the ZENS database, class 1 in this work), the presence of
tidal features or disturbed morphologies often supports
the merger scenario, although for galaxies flagged as 1
in the ZENS parent catalog a chance projection may not
be excluded. We therefore checked and found that our
results do not change if these systems are removed from
the analysis. Given the typical separations and the total
stellar masses of the 26 pairs we estimate using Equation
(10) in Kitzbichler & White (2008) that these systems
will merge on timescales of a ∼300 Myr (median value).
In 14 of these 26 pairs, the primary galaxy (i.e., the most
massive galaxy participating in the merger) is a central
galaxy; in the remaining pairs both participating galaxies
are satellites.
Another 89 merging galaxies belong to group ‘kine-
4 http://ned.ipac.caltech.edu/
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matic pairs’ (and one triplet: merger flag = 3 in the par-
ent catalog, class 3 in this work). These are ZENS group
members having a projected distance from another mem-
ber smaller or equal to the largest separation observed in
the ‘interacting’ sample (classes 1 and 2 in Table 1, max-
imal separation of ∼ 50 kpc) and a velocity difference
that is less than 500 km s−1. For this subsample, the
median projected separation is ∼ 30 kpc. In a third of
these cases a central galaxy is the primary of the merging
systems.
The remaining 20 merging systems were identified as
such because of a clear multiple galaxy appearance, i.e.,
a morphology most likely arising from a multiple-galaxy
contribution rather than a simple disturbed morphology
for a single galaxy (merger flag = 4) or for having irreg-
ular morphologies (morphology type = 5 in the parent
catalog); we interpret these systems (grouped together
as class 4 in Table 1) to be at stages where the two
progenitor galaxies are no longer fully separable. Only
four of these coalesced mergers are central galaxies, the
remaining are satellite galaxies.
In the following and in light of the above discussion,
all merger classes will be grouped together when con-
sidering galaxies with separation d <50 kpc that hence
correspond to the global sample of ZENS mergers. We
will also discuss the results by restricting the sample to
pairs with separations d <20 kpc or d <10 kpc.
2.4. Circumventing Sample Biases: The Galaxy
Populations Investigated in This Study
With key galaxy properties depending on galaxy stel-
lar mass (e.g., star formation activity and metallicity,
Brinchmann et al. 2004; Tremonti et al. 2004; Thomas
et al. 2005; Gallazzi et al. 2005; Peng et al. 2010) and
on the central versus satellite rank of a galaxy within
its host group (e.g., colors and concentrations; see, e.g.,
Weinmann et al. 2009, and also our Papers I, II and
III), it is important to compare the structural and star
formation properties of merging galaxies and nonmerg-
ing control-sample galaxies at constant stellar mass and
central versus satellite rank within the host group. Con-
sequently, we will compare (i) merging satellites involved
in satellite–satellite mergers, as well as satellite compan-
ions in mergers with central galaxies, with nonmerging
satellites of similar masses and, (ii) merging centrals with
nonmerging centrals of similar mass. The corresponding
control sample will contain all nonmerging satellites or
centrals with stellar masses within ±0.2dex from the me-
dian mass of the merger sample in a given mass bin.
In particular, in the following we split the merger (and
control) sample into two mass bins: a ‘low galaxy mass
bin’, defined within the range [109.2, 1010.2[ M (median
mass: 109.6 M), and a ‘high galaxy mass bin’, de-
fined within the range [1010.2, 1011.7] M (median mass:
1010.6 M for satellites and 1011 M for centrals).
The lower mass limit of 109.2 M is the 85% stellar
mass completeness level for our star-forming sample; the
corresponding value for quiescent galaxies is 1010 M
(see Paper II). Thus, our low galaxy mass bin is incom-
plete for passive galaxies and hence we will not comment
on this population of galaxies. In contrast, a compara-
tive analysis between merging galaxies and nonmerging
control-sample galaxies is nevertheless robust because
both galaxy populations suffer from identical incom-
pleteness. Furthermore, star-forming galaxies are mass-
complete at these mass scales, enabling a sound com-
parison between merging and nonmerging star-forming
galaxies. Note that, because of the sample construction
of ZENS (see Papers I and III), in this low-mass bin there
are no central merging galaxies and thus our analysis at
these mass scales will refer to satellites only.
On the other hand, the high galaxy mass bin is also
complete for passive galaxies and is substantially popu-
lated by both satellite and central galaxies. Therefore, at
these higher galaxy masses we are able to explore merg-
ers involving quenched or star-forming galaxies as well
as central–satellite or satellite–satellite encounters. In
the high-mass bin we have 28 mergers involving a cen-
tral among the pairs in the sample and four centrals that
are in the class of coalesced mergers. The remaining
merging systems are, formally, satellite–satellite merg-
ers. Incompleteness in the parent 2dFGRS spectroscopic
sample and statistical uncertainties in the group-finding
algorithm may of course introduce errors in ranking cen-
tral and satellite galaxies (see Paper I). As far as we could
check, these merging systems involve genuine satellites,
at least in the sense that they occur in relaxed groups
that, considering the errors on the galaxy stellar mass
estimates, clearly host substantially more massive galax-
ies (identified as the centrals of these groups). Only three
mergers occur in unrelaxed groups in which the mass of
the primary galaxy is consistent with being the largest
in the group (although it has been discarded as central
on the basis of velocity constraints; see Paper I).
Finally, the ZENS detection limits (given by the 1σ
background fluctuations in a uniform area of 1 arcsec2)
of µB = 27.2 mag arcsec
−2 and µI = 25.5 mag arcsec−2
(AB magnitudes) prevent us from detecting (smooth)
weak tidal features at lower surface brightnesses (e.g van
Dokkum et al. 2005; Tal et al. 2009). According to simu-
lations (Kawata et al. 2006; Feldmann et al. 2008), such
features are distinctive of either minor mergers or of the
late stages of major encounters. They are visible 3–4 Gyr
after the mergers if created by the interaction of a bulge-
dominated system with a disk-dominated one. In this
case, we may only miss mergers that occurred > 3 Gyr
prior to the observation. On the other hand, very low
surface brightness features are visible for ∼1 Gyr if origi-
nated in a merger of two dynamically hot systems (Feld-
mann et al. 2008). In this case, strong features quickly
fade away, so we may miss somewhat more recent merg-
ers.
2.5. Uncertainties in Color and SFR of Close Pairs
In Sections 4 and 5 we will compare colors and de-
rived properties such as SFR and sSFR of merging and
nonmerging galaxies. We hence briefly discuss here the
sources of uncertainties on such quantities. We refer the
interested reader to Paper III for a general discussion
on errors affecting the parameters derived from the SED
fitting and focus instead on the aspects that are more
specific to the merger sample.
For mergers in which the two galaxies are sufficiently
separated or for the disturbed isolated galaxies (class 4),
the main sources of uncertainties are those also affect-
ing the other ZENS galaxies, i.e., background noise and
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Fig. 1.— Merger fraction as a function of halo mass MHALO in the two bins of galaxy mass here considered (high-mass galaxies are dark
blue and low-mass galaxies are light blue). The mass of the primary (most massive) galaxy is used to place each pair in the suitable galaxy
mass bin. The left panel shows the results for all ZENS groups, whereas the right panel refers to relaxed groups only. The results for all
mergers (i.e., separation d < 50 kpc) in our sample are shown with dashed lines (dotted when the mergers involving centrals are removed at
high galaxy masses), whereas the measured fraction for close (d < 20 kpc) mergers are shown with solid line (dot-dashed when the mergers
involving centrals are removed at high galaxy masses). The position on the x-axis is given by the median environment (e.g. MHALO) of
d < 50 kpc merging galaxies (the entire sample) and the points are displaced by ±0.1 dex to improve clarity. The errors on the measured
values indicate 1σ confidence intervals for a binomial distribution, as calculated in Cameron (2011) using the beta distribution quantile
technique. The merger fraction is enhanced by a factor of ∼ 2− 3 in groups with halo masses MHALO < 1013.5 M with respect to more
massive groups.
errors in the SED modeling. Namely, we expect typical
errors on the masses, color and sSFR of a given galaxies
to be on the order of 0.05 mag, 0.1 dex and 0.2 dex, re-
spectively. We show these average uncertainties for the
individual measurements with gray crosses in Figures 4-
7.
However, for class 3 mergers or very close pairs almost
at coalescence in classes 1 and 2, the blending between
the two merging galaxies can introduce further biases
in the estimates of magnitudes and colors (and hence
masses and SFR). To test the effects of such galaxy con-
fusion, we generated a set of artificial images consist-
ing of two model galaxies placed at increasingly closer
separations, starting from the maximum distance of 50
kpc. The simulated galaxies were selected to have magni-
tudes and sizes within the range observed in our merger
sample and the artificial images were processed to repro-
duce the typical ZENS resolution and noise properties.
While it is important to probe different combinations of
inclinations and steepness of the light profiles for test-
ing the efficiency of recovery of the intrinsic fluxes (see
the extensive discussion in Paper II), a dense sampling
of all regions of the parameter space is beyond the scope
of this test. To bracket the typical observed distribu-
tions, we thus created galaxies with either Se´rsic index
n= 1 or n= 4 and ellipticities between 0 and 0.6. We
then processed these artificial mergers as the real ZENS
pairs and compared the fluxes measured within our fidu-
cial 2×RPetrosian aperture (see Paper III for all details
of the photometric measurements in ZENS) with those
that would be obtained if the galaxy were in isolation5.
5 As discussed in Paper II, biases between the measured and
As a result of this test we found that robust flux esti-
mates can be derived for pairs with separations down to
8 kpc, resulting in a median magnitude difference from
the isolated case smaller than 0.05 mag, i.e. comparable
with the photometric uncertainty. In our sample of class
1 and 2 mergers about 25 % (six out of 26) are located at
separations smaller than 8 kpc. We have tested our re-
sults by excluding these objects with larger uncertainties
and found no substantial change with respect to what is
discussed in the following for the entire sample.
3. MERGER FRACTIONS AS A FUNCTION OF HALO
MASS, GROUP-CENTRIC DISTANCE AND LSS DENSITY
Let us start by addressing the question of whether and
how the galaxy merger fraction Γ at a constant galaxy
stellar mass depends on any of the environments that
we study in ZENS, i.e., group halo mass MHALO, group-
centric distance R/Rvir, and LSS density δLSS.
Note that, unless specified otherwise, we join together
the samples of merging satellites and centrals in the to-
tal = central+satellite merger fractions, independent of
galaxy rank within the group potentials. Specifically, in
each of our galaxy stellar mass and environmental bins,
we estimate the merger fraction as Γ =
Nmergers
Nnonmergers
|EnvMgal,
intrinsic (input model) fluxes can arise by a number of observa-
tional limitations that are not related to the presence of a nearby
companion. For this reason, the input model magnitudes cannot
be directly compared with the measured values unless the correc-
tions described in Paper II are applied. A full calibration of the
set of models presented here is however beyond the scope of the
test. We hence have chosen to compare the fluxes measured on the
simulated pairs with those for identical artificial galaxies with no
companions. Because these measurements are both affected by the
same biases, they enable us to perform a consistent comparison.
6 A. Pipino et al.
Fig. 2.— Merger fraction as a function of group-centric position R/Rvir with the same color-coding and line styles as in Figure 1. A
decrease in Γ of a factor of ∼3, moving from the inner (R < 0.5Rvir) group regions toward the group outskirts, is observed at high galaxy
masses for all mergers. As shown with the dotted and dash-dotted lines, this increase in the merger fraction with decreasing group-centric
distance is however mostly driven by mergers involving (as primary) the central galaxy of the given group, which are at R/Rvir = 0 by
construction. In contrast, our low galaxy mass bin includes only satellite galaxies, implying a mild dependence on group-centric distance
of satellite–satellite mergers at galaxy masses in the range 109.2 − 1010.2 M.
i.e., as the ratio between the number of merging systems
in that bin and the number nonmerging galaxies (central
plus satellites) in the same galaxy mass and environmen-
tal bin. For this calculation, we count merging pairs as
a single system with the mass assigned by the primary
galaxy.
3.1. Halo Mass
In Figure 1 we show the merger fraction Γ as a function
of the host halo mass, split into bins of primary galaxy
stellar mass (dark blue: high-mass primaries - light blue:
low-mass primaries). The results for all mergers (i.e.,
separation d < 50 kpc) in our sample are shown with
dashed lines (dotted when the mergers involving centrals
are removed at high galaxy masses), whereas the mea-
sured fraction for close (d < 20 kpc) mergers are shown
with solid lines (dot-dashed when the mergers involving
centrals are removed).
Focusing at first on the entire sample of ZENS groups
(left panel in the figure) and M < 1010.2M galaxies, we
find that the merger fraction is a factor of ∼ 2–3 higher in
the low group-mass bin relative to the high group-mass
bin. Specifically, Γ increases from . 3% in groups with
MHALO ≥ 1013.5 M, up to ∼ 8% in lower mass groups,
with a & 3σ significance at both separations of d < 20
kpc and d < 50 kpc. The decline of the merger fraction
between our low and high group-mass bins suggests that
low-mass galaxy–galaxy merger activity is virtually fully
suppressed in potential wells above mass scales of order
∼ 1013.5 M. No dependence on halo mass is instead
observed at galaxy masses ≥ 1010.2M when considering
all groups; however, if we restrict the sample to relaxed
groups only (right panel) a ≥ 2σ decrease in the merger
fraction with halo mass is also observed at these high
masses. Considering d < 20 kpc pairs as our reference,
we find a variation in the fraction ∆ Γ/∆ log(MHALO) =
−0.07 dex−1 for both galaxy mass bins. Similar slopes,
within the errors, are also measured at separations of
d < 50 kpc and d < 10 kpc (not shown), strengthening
the inference of the halo mass being the main driver of
the change, with no effects due to the stage at which the
mergers are observed.
As discussed in Paper I, the statistical scatter in our
group-mass estimates most likely decreases the strength
of any measured trend with halo mass; tests performed
in Paper I indicate a flattening of a factor of ∼ 1.3
of the slope of the relationship between merger faction
and group halo mass (Paper I). Hence, the increase
in the merger fraction from high- to low-mass groups
is estimated to be intrinsically ∆Γ/∆ log(MHALO) ∼
−0.1 dex−1.
Given the specifics of our sample, removing the mergers
that involve a central galaxy (dotted and dot-dashed lines
in Figure 1) affects only the high galaxy mass bin. Be-
cause satellite–central mergers make up ∼ 75% of the to-
tal number of merger occurrences at these masses, the net
effect is a strong suppression of the merger fraction at any
halo mass. More specifically, at d < 20 kpc (dot-dashed
line) the exclusion of such mergers leaves a flat trend with
halo mass. The trend becomes instead positive when
considering mergers with all separations (dotted line),
owing to the presence of a few massive satellite–satellite
mergers in high-mass groups. As discussed above, three
such cases occur in unrelaxed groups and the masses of
the merging satellites are similar (within the errors) to
the masses of the centrals in the same halos. Removing
them (by considering only relaxed groups; right panel of
the figure) would also produce a flat trend, within errors,
of the massive satellite–satellite merger fraction with the
host halo mass.
Finally, as a consistency check, we note that measured
Γ values for the entire sample of ZENS mergers are con-
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Fig. 3.— Merger fraction as a function of LSS density δLSS with the same color-coding and line styles as in Figure 1. The upper panels
show the results for all group halo masses, whereas the lower panels consider only groups with masses below 1013.7 M. The left panels
refer to groups of any dynamical state and instead in the left panels only relaxed groups are shown. In our low galaxy stellar mass bin,
the merger fraction is nominally twice as large in regions of low LSS density. At high galaxy stellar masses, no significant trends with
LSS density are detected when we limit our study to satellite–satellite mergers, whereas central–satellite mergers are enhanced in low LSS
density.
sistent with previously reported merger fractions for low-
redshift galaxies of similar masses (e.g., Lotz et al. 2010;
Bridge et al. 2010). Also, the Γ value that we measure in
the high galaxy mass bin at high halo masses is in agree-
ment with the results reported by McIntosh et al. (2008),
who studied the properties of high-mass (> 1010.8 M)
galaxy pairs with < 30 kpc separation in SDSS groups
above 1013.5 M; these authors found a merger fraction
of ∼1–3% at a halo mass scale of 1013.5 M, consistent
with our result.
3.2. Group-centric Distance
Considering the variation of the merger fraction with
distance from the group center in Figure 2, the most
striking effect we observe is a strong decrease in Γ mov-
ing from the inner (R < 0.5Rvir) group regions toward
the group outskirts, if mergers with M ≥ 1010.2M are
considered. The effect is seen at all separations and at
more than the 3σ level in the full merger sample, where
Γ varies by a factor of ∼3, from Γ ∼ 17% to Γ ∼ 6%.
However, remembering what was already discussed in
the previous section regarding the frequency of central–
satellite mergers at these high galaxy masses, we stress
that the increase in merger fraction toward the group
centers is largely driven by mergers involving the central
galaxy of the given group, which are at R/Rvir = 0 by
construction. In fact, when systems in which the pri-
mary is also a central galaxy are excluded (dotted and
dot-dashed lines in Figure 2 ) we do not measure any
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significant change in Γ with group-centric distance. This
highlights the importance of categorizing galaxies accord-
ing to their rank within their host-group halos, to avoid
incorrect interpretations of the observational signals.
As the only marginal effect of the group dynamical
state, we mention that in unrelaxed groups the fraction
of mergers with d > 50 kpc formally increases in the
group outskirts when centrals are excluded, with a slope
of ∆Γ∆Rvir ∼ 0.08 and a 2σ significance. One can speculate
that the massive satellite–satellite mergers giving rise to
this trend have probably just been accreted. Coupled
with what was mentioned in the previous section, that
their masses are consistent within the errors with that
of the nominal central galaxy of their halos, we could
identify these mergers as one of the channels that will
create the new central galaxy when the group will have
relaxed.
In the low galaxy mass bin, which instead includes only
satellite galaxies, we measure a ∼ 2σ variation of Γ with
R/Rvir when the entire d < 50 kpc merger sample is
considered (dashed line) suggesting a mild dependence
on group-centric distance of satellite–satellite mergers at
galaxy masses in the range 109.2−10.2 M; we note, how-
ever, that such an effect is not present if we restrict the
sample to only mergers with the closest separations.
3.3. LSS Density
Finally, we investigate in Figure 3 variations of the
merger fraction above and below a threshold value of
log10(1 + δLSS) = 0.7 that separates our two bins of low
and high LSS density environment. The precise value
of 0.7 was chosen to divide the sample of galaxies and
mergers in roughly equal numbers while still straddling
the transition between high and low LSS densities (see
Figure 12 of Paper I).
The upper panels of the Figure present the results with
no cut in MHALO. In the low galaxy stellar mass bin, we
observe a decrease of the merger fraction with increas-
ing LSS density, regardless of the group dynamical state
or merger type or separation (taking separations d = 50
kpc as an example, we measure Γ = 4% vs Γ = 8% at
low and high δLSS, respectively). At high galaxy stel-
lar masses, a similar environmental effect is instead ob-
served only if the sample is limited to relaxed groups
and if mergers involving a central galaxy are also consid-
ered. On the other hand, at these masses no significant
trends with LSS density are detected when we consider
satellite–satellite mergers only. For both the low-mass
mergers and the high-mass (including centrals) mergers,
we measure ∆Γ∆ log(1+δLSS) ∼ −0.1, independent of separa-
tion.
These results could however be a consequence of the
fact that in our sample MHALO and δLSS start correlat-
ing at halo masses above 1013.7 M (see Paper I and the
trends with halo mass in Figure 1). It is thus impor-
tant to test whether they still hold when we further re-
strict our analysis to groups below 1013.7 M, as shown
in the lower panels of Figure 3. In this case, for the
low galaxy mass bin, the observed relations remain al-
most unchanged hinting at a genuine LSS environmen-
tal effect, although the significance of the variation of Γ
in low and high δLSS decreases to the < 2σ level. At
galaxy masses M ≥ 1010.2M , the larger errors and the
different trends observed when splitting the sample ac-
cording to the pair separation make the interpretation
of the results not straightforward. We nonetheless note
that at these high masses a nominal 1σ decrease of the
merger fraction with δLSS is still also found for relaxed
groups with MHALO < 10
13.7M when central–satellites
mergers with d < 50 kpc are considered. We highlight
this suggested trend as potentially interesting because it
would indicate that regions of low LSS density are more
conducive to central–satellite mergers.
4. PHYSICAL PROPERTIES OF MERGING SATELLITES
RELATIVE TO EQUAL-MASS NONMERGING
SATELLITES
Let us now turn our attention to the star-formation and
structural properties of merging galaxies. For reference,
we show in Figure 4, top row, the mass distributions
of each subsample of merging galaxies and their non-
merging counterparts that we consider in the analysis.
In particular, satellites are shown by shaded histograms,
whereas centrals are shown with empty thick line his-
tograms. In this section we focus on the comparison of
satellite galaxies involved in mergers with similar-mass
nonmerging satellites (control sample), and we defer the
analysis of the properties of merging central galaxies to
Section 5.
We note here that, especially when performing the
comparison among satellite galaxies, the control sample
can be substantially more numerous than the merging
one. Some of the observed differences between the two
populations could thus be a consequence of the lower
number statistics in the merging galaxies and the much
higher accuracy of the derived medians in the control
sample. To test how our results would have changed if
we had probed the control sample with a smaller num-
ber of galaxies, we calculated the dispersions around the
control median values, which are obtained by randomly
extracting 400 subsamples that are matched in number
to the merger sample. We show these dispersions in Fig-
ures 4–10 together with the nominal errors derived over
the entire sample.
4.1. Integrated (B − I) Colors
We first investigate the median (B − I) colors of the
merging satellites, which are plotted as red squares in
the second row of Figure 4. High-mass merging satel-
lites have colors in the range ∼1.3–1.5 mag, i.e., as red
as those of the nonmerging satellite population of similar
galaxy mass, shown with black symbols. The same holds
if we restrict the analysis to either mergers with projected
separation lower than 20 kpc (see Figure 4, middle col-
umn) or to both a projected separation lower than 10
kpc (right column) and to coalesced systems (class 4,
not shown).
In the assumption that these red colors are not severely
affected by dust reddening and can thus be interpreted
with stellar populations models (an assumption that we
justify below in Section 4.2, in our analysis of the spec-
tral types and sSFRs of these high-mass systems), such
B− I > 1.3 mag colors are well modeled with old stellar
populations, produced in relatively fast and metal-rich
star-formation episodes, followed by stellar passive evolu-
tion (e.g., Gunn & Gott 1972; Tinsley 1972; Bower et al.
1992; Peletier et al. 1999; Carollo et al. 2007). Specifi-
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Fig. 4.— Upper row: the normalized mass distributions of galaxies in the merger (red) and control (black) samples. In particular, both
merging and control satellites are shown with filled histograms limited by a dashed line, whereas centrals are shown with thicker empty
histograms. The three columns present the results for merging pairs at increasingly smaller separations, as indicated on the top of the
panels. Other rows: as a function of galaxy stellar mass, plotted are the median (B − I) colors, SFR and sSFR of merging satellites (red
squares) and centrals (red circles), compared with the corresponding control-sample populations of nonmerging satellites (black squares)
and centrals (black circles). Points for the control samples are shifted by 0.1 dex rightward to increase readability. The control-sample
galaxies are selected to have stellar masses within ±0.2dex from the median mass of the corresponding merging systems in each broad
parent mass bin. Empty symbols indicate bins having N ≤ 5 galaxies. Error bars (black and red) are derived from the 16th and 84th
percentiles of the distributions around the median values. To account for the fact that the size of the control sample can be larger than
that of merging galaxies, we show with gray error bars the dispersion around the median that is obtained in 400 realizations of the control
sample in which the number of galaxies is matched to the merger sample. In the left panels, the gray crosses on the bottom-left corner
indicate the typical uncertainties in the parameters for an individual galaxy. The thin dotted line in the bottom panel represents the inverse
of the Hubble time, τ−1Hubble = log10 1/H0, in years; this can be taken to roughly separate passive systems (below the line, with stellar
mass doubling timescales longer than τHubble) and star-forming systems (above the line). At galaxy masses of > 10
10.2 M, satellite and
central galaxies are as red and passive as the control sample, and most mergers involve dry accretions of quenched satellites onto quenched
centrals. At galaxy masses of < 1010.2 M, pairs with a projected distance <10–20 kpc exhibit ∼ 2× enhanced (specific) star-formation
rates than noninteracting galaxies.
cally, using Bruzual &, Charlot et al. (2003) synthetic
stellar population models with exponentially decreasing
star-formation histories and a Chabrier et al. (2003) IMF,
typical values for the stellar population of age A, star-
formation timescale τ and metallicity Z are, respectively,
A > 6 Gyr, τ < 2 Gyr, and Z > Z. An inspection of the
spectral types and sSFR of these high galaxy mass merg-
ing satellites (discussed in detail in Section 4.2) shows
that only in one such system the red color [(B− I) ∼ 1.4
mag] is due not to passively evolving stellar populations
but to dust obscuration of star formation.
Note that, by construction of the ZENS sample, we
could have easily seen blue, star-forming mergers; the
fact that we do not see them at these galaxy mass scales
implies that they are not there in the relatively dense
environments probed by ZENS, i.e., galaxy groups with
at least five galaxy members and masses above MHALO ∼
1012.3M.
In the low galaxy mass bin, as discussed in Section
2.4, we are only mass-complete for star-forming galaxies.
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This is not a limiting factor when comparing properties
of merging satellites with properties on nonmerging satel-
lites of similar masses. Overall, low-mass merging satel-
lites have a median color B − I ∼ 1 mag (left column in
Figure 4), slightly bluer but consistent within the errors
with that of the control sample. However, if we limit
the analysis to those mergers with projected separation
lower than 20 kpc (Figure 4, middle column), the me-
dian color of the low-mass merging satellites decreases
with respect to that of the full sample and it is ∼ 0.2
mag bluer than mass-matched nonmerging satellites in
the control sample. The color difference further increases
if we limit the analysis to even smaller separations (right
column in Figure 4) or to coalesced galaxies, which have
a median color of (B − I) ∼ 0.65 mag. It is important
to note that these results hold if we remove the irregular
galaxies (morphology flag = 5) from the merger sample
and/or if we exclude those close pairs that are likely pro-
jection effects (merger flag = 1). Within the family of
Bruzual & Charlot models above, assuming a metallic-
ity 0.004–0.008, typical of galaxies at these stellar mass
scales (Gallazzi et al. 2005), these low galaxy mass merg-
ing satellites are well described by mean ages of A ≈ 5
Gyr and star-formation timescales of τ > 7 Gyr.
A potential source of concern is that the measured
effects may be the outcome of slightly different mass
distributions between the merger and control sample,
even if their median masses are matched. We therefore
performed a further test by randomly extracting con-
trol samples that matched in number and mass distri-
bution (and, of course, the satellite status) the merger
sample in both the low and the high galaxy mass bin.
We generated 400 realizations of control-sample galax-
ies whose mass distribution had a > 90% probability of
being drawn from the same distribution of the merger
mass distribution according to a Kolmogorov–Smirnov
test. For the low-mass bin and in the case of satellites in
mergers with < 20 kpc projected separation, the mean
difference in color (namely < (B−I)median,mergers−(B−
I)median,control >) between the merger sample and these
realizations of the control sample is -0.16 mag, never ex-
ceeding -0.06 mag in any single realization, thus confirm-
ing our results of a median bluer color in merging galax-
ies. In the case of low-mass coalesced systems, the mean
difference in color over 400 realizations is –0.26 mag (and
limited between –0.15 and –0.35 mag). Similarly reassur-
ing conclusions apply to the satellites in the high-mass
bin, as well as to the centrals (see Section 5).
4.2. SFRs and sSFRs
The availability of (s)SFRs and stellar masses, from fits
to the UV-to-NIR SEDs of ZENS galaxies (from Paper
III), enables us to get a more precise picture of the ori-
gin of the bluer-than-normal colors at low stellar masses
and normally red colors of merging satellites relative to
nonmerging satellites at high masses.
The third and bottom rows of Figure 4 show the SFR
and sSFR versus galaxy stellar mass relations, respec-
tively. In the high galaxy mass bin, consistent with their
(B − I) color discussed above, merging satellites have
median SFR and sSFR values typical of quiescent pop-
ulations (log sSFR/yr  −11), confirming their nature
as red-and-dead systems participating in gas-less ‘dry’
mergers. If anything, they are even marginally ‘more
Fig. 5.— Comparison of (B − I) color gradients between merg-
ing galaxies and control samples. The results are for d < 20 kpc
mergers and are displayed with the same symbols and colors as in
Figure 4. No noticeable difference in the color profiles of merging
and noninteracting galaxies is observed. Note that at high masses
all merging galaxies have negative color gradients. At low masses,
10% of mergers show inverted color gradients, i.e. centrally concen-
trated star formation, and in 15% of the low-mass systems the flat
color gradients (i.e., |d (B − I)/d log r| < 0.1 mag) suggest diffuse
merger-induced star formation.
quiescent’ than their control-sample nonmerging rela-
tives. We do not find substantial differences if we con-
sider either the closest (separation < 20 kpc, middle and
right columns of Figure 4) or the coalesced systems (not
shown).
Close (< 20 kpc in projection) merging satellites in
the low galaxy mass bin, in contrast, show SFR values
slightly below∼ 1M yr−1, and median sSFR∼ 0.7/Gyr
which are a factor of ∼ 2–3 enhanced above the median
rates of the control sample of nonmerging satellites at
similar galaxy masses. The difference becomes even more
significant if one limits the sample to pairs closer than
10 kpc in projection (right panel). Similar values are
obtained if we limit the analysis to coalesced mergers
only.
As before, we performed a further test by randomly
extracting control samples that matched in number and
mass distribution (and, of course, the central versus
satellite status) the merger sample in both the low- and
the high-mass bin. In the low-mass bin and in the case of
satellites in mergers with < 20 kpc projected separation,
the mean difference in logSFR over these realizations is
0.38 dex, never becoming lower than +0.12 dex, thus
confirming our results.
The bluer colors of low-mass merging satellites rela-
tive to nonmerging satellites of similar mass presented
in Section 4.1 are thus indicative of a merger-triggered
enhancement of their SFRs, occurring only when the sep-
aration between the two galaxies is relatively small. The
corresponding mass doubling timescales are about ∼ 1.5
Gyr, i.e., a factor ∼ 3–5 longer than merging timescales
inferred from simulations (e.g., Cox et al. 2006; Kitzbich-
ler & White 2008).
4.3. (B − I) Color Gradients
ZENS V: Merger Frequencies and Properties 11
Fig. 6.— As a function of galaxy stellar mass, we plot the median I-band half-light radius RHL (top panel), surface mass density ΣM
(middle panel), and surface star-formation density ΣSFR (bottom panel) of merging satellites and centrals, compared with the corresponding
control-sample populations of nonmerging satellites and centrals. Symbols and colors are as in Figure 4. In the high galaxy mass bin,
merging satellites have sizes and surface mass densities that are comparable to those of nonmerging satellites of similar mass. Lower mass
galaxies have instead ∼ 1.5× larger sizes than similar-mass, nonmerging satellites, resulting in lower surface mass density but comparable
surface star-formation densities as a consequence of the SFR enhancement (see Figure 4).
Having established that close mergers induce a blue-
ing of the low-mass galaxies, it is interesting to see if
the induced star formation is a burst in the center of the
galaxies or if it is distributed throughout the galaxy and
if it results in distinct color profiles with respect to the
noninteracting galaxy sample. For a quantitative analy-
sis, we make use of the radial color gradients derived from
the analytical fits of the galaxy light profiles (Paper II)
and we compare in Figure 5 the gradients for d < 20 kpc
mergers with those in the control sample.
We do not find any significant difference between the
color profiles of satellite galaxies involved in close merg-
ers and those in the control sample. In absolute terms,
in high-mass merging galaxies only negative color gradi-
ents are found. At low masses, where merging satellites
are bluer than the control sample, only a small fraction
(10%) of our merger sample shows inverted color gradi-
ents, i.e., blue cores, indicative of centrally concentrated
star formation, relative to redder galaxy outskirts. An-
other 15% of the low-mass merging systems has instead
rather flat (i.e., |d (B − I)/d log r| < 0.1 mag) color gra-
dients, suggesting that the merger-induced star forma-
tion affects the whole system (see also Knapen & James
2009). We do not find, however, a correlation between
the amount of induced star formation (or the size) and
the presence of an inverted or flatter gradient.
4.4. Sizes, Stellar Mass and SFR surface densities
In order to infer the presence of any merger-induced
structural perturbations and check whether merging
satellites may sustain higher local SFRs, we also com-
pare in Figure 6 the I-band half-light radii from analyti-
cal single Se´rsic fits (top panel), the stellar mass surface
densities (middle panel) and the surface star-formation
densities (bottom panel) of merging satellites with the
control sample of nonmerging satellites of matched stel-
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Fig. 7.— Plotted are the median I-band Se´rsic index n (top panel) and I-band bulge-to-total ratio B/T (bottom panel) of merging
satellites and centrals as a function of galaxy stellar mass, compared with the corresponding control-sample populations of nonmerging
satellites and centrals. Symbols and colors are as in Figure 4. We find low I-band Se´rsic indices in low-mass galaxies involved in mergers
and no significant differences for the I-band bulge-to-total ratios for mergers and non-mergers at all galaxy masses.
lar masses 6.
In the high galaxy mass bin, merging satellites with
d < 50 kpc have sizes (log10 (RHL/kpc) ∼ 0.7) and sur-
face mass densities (log10 ΣM ∼ 8.5 Mkpc−2) that are
comparable to those of nonmerging satellites of similar
mass. An inversion of the Schmidt (1959) law using
Kennicutt (1998) and the measured median ΣM value
result in a median gas-to-stars ratio in these galaxies
µ = mgas/mstars  0.1 (see also Ellison et al. 2010).
In the low galaxy mass bin, structural differences
between (star-forming) merger galaxies and the con-
trol sample are only visible for the closest or coalesc-
ing systems (middle and right panels of Figure 6, re-
spectively), which are typically ∼ 1.3 times larger than
their nonmerging counterparts. With a typical (median)
log10 ΣM ∼ 7.4 Mkpc−2, these low-mass merging satel-
lites have a factor of ∼ 2 lower surface mass densities
than nonmerging satellites of similar stellar mass. For
them, the inferred median gas-to-stars ratio is µ ≈ 0.5,
to be compared with the µ ≈ 0.3 value inferred for the
nonmerging satellite population at these galaxy masses.
It is remarkable, however, that in such low-mass merg-
6 It was not possible to obtain reliable measurements of the
radii for 12 merging galaxies. They are therefore not included in
any panel of Figure 6.
ing satellites, their larger sizes and enhanced sSFRs com-
pensate for each other to result in similar median surface
star-formation densities (ΣSFR ∼ 10−2.3 M yr−1 kpc−2)
in both merging and control samples.
4.5. Morphologies
It is now interesting to see whether the changes in the
star-formation properties we discussed in the previous
sections are followed by significant morphological trans-
formations. We quantify galaxy morphology in terms of
the global Se´rsic index n and bulge-to-total ratio B/T in
Figure 7.
We find low I-band Se´rsic indices in low mass galaxies
involved in mergers irrespective of the separation. More
quantitatively, and considering the sample of mergers
with d < 20 kpc separation, the median Se´rsic index
in merging satellites is 1.33 (1.26–1.63 are the 16th and
84th percentiles, respectively). The median value for the
control sample is 1.32, hence showing no difference to
be associated to the mergers. At higher galaxy masses,
the Se´rsic indices increase in both the mergers and the
control sample, again showing no significant differences
for separations d ≥ 20 kpc. The closest (d ≤ 10 kpc)
merging satellites have instead significantly lower Se´rsic
indices than the control sample. However, there is no
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Fig. 8.— Comparison of properties for merging galaxies with the control samples at fixed MHALO, in two bins above and below
MHALO = 10
13.5 M. The figure shows only mergers with projected separation d< 20 kpc. Low-mass satellites are shown in blue, higher
mass satellites are in green, and centrals are in red. Symbols with error bars correspond to the medians obtained on the merging sample,
and the shaded areas are the medians and dispersions for the control sample. Darker shades show the nominal dispersions obtained on
the entire control sample. To account for the fact that the size of the control sample can be larger than that of the merging galaxies, we
indicate with lighter areas the dispersions around the medians that are obtained in 400 realizations of the control sample in which the
number of galaxies is matched to the merger sample. The differences in the two dispersion estimates for the central galaxies are small,
therefore light-shaded areas are shown for satellites only to improve readability. Empty symbols indicate bins having N ≤ 5 galaxies.
Se´rsic index determination available in the parent ZENS
catalog for five of 117 of the merging galaxies. Therefore,
the suggested trend should be confirmed with larger sam-
ples.
Likewise, no differences are found for the I-band bulge-
to-total ratios8 (see Figure 7, bottom panel) at all galaxy
7 In the low-mass bin, the Se´rsic index is available for 23 of 25
of the merging galaxies with d < 10 kpc.
8 Available in the parent catalog only for systems where the
masses and separations: we measure a median value
of ∼0.1 in low-mass merging satellites and of ∼ 0.4 in
high-mass ones, in agreement with the median values for
the control sample. This consistency is also reflected
in the morphological mix of noninteracting and merg-
ing galaxies. Under the reasonable assumption that in-
completeness in the sample of (mostly quiescent) early-
bulge/disk decomposition could be performed and that are not
best fit by an elliptical morphology.
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type9 galaxies affects equally the merging and the con-
trol sample, for the low-mass bin we estimate that the
fraction of early-type satellites involved in all mergers is
10/81, which is very close to the 13% featured by the
control sample. Similarly, at high galaxy masses where
the sample is complete, the fraction of early-type bulge-
dominated systems is 11/49, which is 22% as in the con-
trol sample.
In conclusion, we do not find any significant structural
difference that might be induced by the merger process
even at the low galaxy mass scale and smallest separa-
tions, where we instead observe an enhancement of the
SFR and larger radii in the merging population.
4.6. Environmental Effects
In the spirit of ZENS, we now investigate if any of
the merger-induced changes in the stellar properties and
their trends with galaxy mass can be ascribed to or en-
hanced by a particular environment. For this analysis,
we limit the discussion to mergers with projected sepa-
ration < 20 kpc, where the merger-induced variations in
colors, radii and SFRs become significant.
The environmental trends are highlighted in Figs. 8-10
where we compare galaxies in mergers with control sam-
ples that are additionally drawn from the same (dense
versus sparse) environments. In Figure 8 we focus on the
role of MHALO, whereas in Figure 9 we split both merg-
ing and control samples into group-centric regions. Ob-
viously, centrals have R/Rvir = 0 by construction hence
they are not consider in this case. Finally, Figure 10 com-
pares mergers and control samples at fixed LSS overden-
sities. In these figures, low-mass merging satellites are
shown with blue dots and their control sample as a blue
shaded area. Higher mass satellites are in green, and
centrals are in red.
Within a fixed environmental bin, the results presented
in the previous sections on the merging and control-
sample satellites remain qualitatively unchanged, and we
will therefore not repeat the discussion. We instead com-
ment in the following on differential effects in the merger
and control samples across the environmental bins; this
may help us to understand the role of the environment
in the transformations triggered by the merger event.
First, although we do not show this explicitly in a fig-
ure, we find that if we limit the analysis to relaxed groups
the merger-induced enhancement in the SFR for systems
with separation < 20 kpc disappears because of a de-
crease in the median SFR of the mergers (as opposed to
an increase in the median SFR of the control sample). In
other words, a substantial fraction of the low-mass satel-
lites in mergers with the highest SFRs are those in groups
that are not yet relaxed. In contrast, low-mass satellites
in mergers with low (< 1Myr−1) SFR are mostly in re-
laxed systems. We also mention the fact that the differ-
ence in radius at low galaxy masses becomes insignificant
when the study is limited to mergers (and galaxies in the
control sample) in relaxed groups.
Second, the merger-induced variations in galaxy prop-
erties are present even if the given galaxy properties have
themselves an environmental dependence. For instance,
the median color of low-mass galaxies becomes bluer at
lower halo masses and outer group radii (see Figure 8 and
9 Morphological classes 1 and 2; see Paper II.
9 and also Paper III). The relative change in the color
with environment for the low mass merging satellites and
the control sample is however of a similar amount, keep-
ing the merger-induced bluening almost constant with
environment. Therefore, turning the argument around,
we demonstrate that the effect of mergers is to induce a
∼ 0.2 mag blueing of the color irrespective of environ-
ment (within the errors) at low galaxy masses. This is
a clear example that highlights the need for comparing
merging galaxies and control samples at fixed mass and
environment in order to isolate the effect of mergers on
galaxy properties.
Third, for low-mass merging satellites, the enhance-
ment in the SFR becomes more significant in the group
outer regions. Although the radial trend is partly due
to the fact that the low-mass nonmerging satellites are
preferentially located at large radii rather than in the
group cores thus reducing the scatter (i.e., the width
of the shaded area) around the median SFR in the for-
mer regions, our data suggest that the strength of the
merger-induced star-formation episode may change with
environment. We checked, by generating random control
subsamples matching in mass distribution and number
of galaxies those involved in mergers in a given environ-
mental bin, that any little difference in the mass distri-
butions of both the merger and the control sample in the
low galaxy mass bin did not contribute to the signal.
In conclusion, we are able to order the different envi-
ronmental indicators by importance in setting the star-
formation properties of the merging system: the most
important indicator is the proximity to the companion,
then the status (relaxed or unrelaxed) of the host group
and finally the position within the halo.
5. PHYSICAL PROPERTIES OF MERGING CENTRALS
RELATIVE TO EQUAL-MASS NONMERGING
CENTRALS
We now focus on the properties of merging central
galaxies with an analysis similar to that done for satellite
galaxies. As highlighted in Section 2.4, this analysis of
centrals is limited to the high galaxy mass bin, and is
conducted at a median galaxy stellar mass of 1011M.
At these galaxy masses, merging central galaxies have
red colors ((B − I) ∼ 1.4 mag) similar to the control-
sample nonmerging centrals of comparable masses, re-
flecting the fact that the high-mass centrals of our sam-
ple are mostly passively evolving systems, whether they
are in a merger or not (middle and bottom panels of
Figure 4). There are exceptions, however. Among merg-
ers involving central galaxies, our sample includes: (1)
one system with a high SFR ∼ 15 Myr−1 in the sec-
ondary galaxy, i.e., at face value, a merger-induced burst
in which a high SFR is triggered in the least massive
galaxy; and (2) two systems in which a highly enhanced
SFR is observed, relative to the comparison nonmerging
population, in the primary central galaxy (SFR∼ 15 M
yr−1).
Moreover, we note that high-mass secondaries (which
are by definition satellite galaxies) that are members of
merging pairs are as red as their primaries: the me-
dian color difference between primary central galaxies
and high-mass secondary satellite galaxies involved in the
merging pairs is always (B − I) < 0.1 mag (Figure 4).
This is a straightforward consequence of the fact that
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Fig. 9.— Same as in Figure 8, this time with merger properties at fixed R/Rvir (two bins at R/Rvir ≤ 0.5 and R/Rvir > 0.5). By
definition, centrals are located at R/Rvir = 0 and are hence not plotted here.
both primary central galaxy and secondary satellite com-
panion galaxies have stellar masses in the regime where
passive bulge-dominated galaxies dominate the global
galaxy population at z = 0. Following a similar rea-
soning as in Section 4.4, the accreting primary (central)
galaxy of the merging pair must have a very low gas-to-
star fraction on average, motivating our classification of
these mergers as dry in the discussion.
One-half of the centrals have companions in the lower
galaxy mass bin. As a consequence of the stellar mass
difference, these secondaries are bluer (by ∼ 0.3 mag,
median difference) than the primaries but their colors
(∼ 1.1 mag, median value) and SFRs (∼ 0.19 M yr−1,
median value) are consistent with those of their control
sample. The median SFR in the centrals of such pairs are
also low (∼ 0.1 M yr−1). Therefore these pairs would
also result in relatively ‘dry’ mergers.
A structural comparison of central galaxies involved
in a merger with nonmerging central galaxies returns
a marginally significant result in the direction of larger
half-light radii in merging centrals by a factor of ∼ 1.4
in d < 20 kpc pairs. This would formally yield surface
mass densities in merging centrals about 0.3 dex lower
on average than those in control sample centrals. With
respect to the other properties considered here, merging
centrals have negative color gradients and equally high
Se´rsic indices (n ∼ 5, Figure 6, top panel) and bulge-to-
total ratios (B/T=0.45, see Figure 6) as in the control
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Fig. 10.— Same as in Figure 8, this time with merger properties at fixed LSS density (two environmental bins log(1 + δLSS) < 0.7 and
log(1 + δLSS) > 0.7).
sample.
As is clear from Figs. 8 and 10, the environment (in-
cluding the relaxed or unrelaxed status of the host group)
does not strongly affect the stellar or structural proper-
ties of central galaxies involved in mergers. The only
suggested environmental effect is an increase in the dif-
ference between the half-light radii of merging and non-
interacting centrals with halo mass/LSS density, in the
sense that merging centrals appear more noticeably ex-
tended than the control sample when located in a massive
group or low δLSS. The number of ZENS central galaxies
in these bins is however small (N < 5), and the observed
trends should be confirmed with larger samples.
6. DISCUSSION
6.1. How Do Mergers Affect the Properties of Galaxies
in Groups?
As highlighted in Sections 4.2 and 5, high galaxy
mass mergers involving > 1010M galaxies, whether cen-
trals or satellites, are consistent with being mostly gas-
depleted dry mergers. The result is not surprising in
light of the environment-independent quenching of star
formation in galaxies at these high masses (e.g., Peng
et al. 2010), and it extends the findings of McIntosh
et al. (2008) to lower halo masses. Evidence for merger-
induced structural changes in these quenched galaxies is
minimal. A dry merger will lead to an increase in size
of the coalesced remnant central galaxy, while roughly
preserving its nuclear stellar velocity dispersion (e.g.,
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Ciotti et al. 2007). This may lead to larger sizes in
the central galaxy population than in the correspond-
ing satellite population of similar galaxy stellar mass or
velocity dispersion. This is convincingly observed in the
galaxy size versus mass and galaxy size versus velocity
dispersion relations for the brightest cluster members and
satellite galaxies in galaxy clusters (e.g., Bernardi et al.
2011). Furthermore, although the observed size evolution
of early-type galaxies can be largely explained by the ap-
pearance of newly quenched, extended galaxies with cos-
mic time, some degree of size growth for individual galax-
ies is expected at the highest masses (see Carollo et al.
2013a for a discussion on both effects). Mergers of mas-
sive central galaxies with quenched a satellite, like those
observed in our high-mass sample, could be a potential
channel for size variations in these individual objects.
At low galaxy masses, there is plenty of merging activ-
ity among star-forming satellites.10 Moreover, at vari-
ance with the high-mass case, the low-mass mergers
can induce star formation and merging satellites below
1010.2M exhibit a factor of ∼ 2 − 3 enhancement in
SFRs and sSFRs relative to their nonmerging counter-
parts. Noticeably, the fact that such an effect is evident
only at low separations (d <20kpc) reinforces the notion
that mergers in their final stages profoundly alter the be-
havior of galaxies, in the very least in terms of boosting
their rate of consumption of their gas reservoirs (see also,
e.g., Larson & Tinsley 1978; Kennicutt et al. 1987; Lam-
bas et al. 2003; Sol Alonso et al. 2006; Woods & Geller
2007; Di Matteo et al. 2008; Kampczyk et al. 2013).
In particular, simulations show that any enhancement in
the SFR generally occurs either at the first pericenter or
at the coalescence, depending on the orbit configuration
(e.g., Di Matteo et al. 2007) and if both the eccentric-
ity and the impact parameter are high, there might be
an intermediate phase during which the star formation
is suppressed (Patton et al. 2013).
Large catalogs of simulated mergers show that the
strongest bursts happen in a minority (15%) of the cases
and are short lived, whereas 76% of fly-bys and 50%
of mergers display an integrated SFR only 1.25 larger
than that of isolated galaxies (Di Matteo et al. 2007,
2008, see also Woods et al. 2010; Patton et al. 2013).
This is consistent with our findings. The predicted star-
formation enhancement in these simulations is compara-
ble during fly-bys and coalescence, justifying a posteriori
our choice to discuss mergers at coalescence and those
in very close pairs at the same time. Numerical sim-
ulations further show that such mergers often stop gas
accretion onto the coalesced remnant (Feldmann, Carollo
& Mayer 2011). As mentioned in Section 4.2, however,
the . 1.5 Gyr mass-doubling timescales of merging satel-
lites in our sample imply that these systems will possibly
reach an undisturbed appearance in the coalesced rem-
nant well before their current gas reservoir is exhausted.
This is potentially interesting in light of the results in
Carollo et al. (2014), where we discuss the possibility
that quenching may not significantly alter the structural
properties of galaxies, which are instead set prior to star-
10 We remind readers that we do not attempt a study of pas-
sive mergers at these low galaxy masses because our sample is not
complete for such systems below 1010M and that only satellites
populate the ZENS groups at these galaxy mass scales.
formation cessation, and find that the increase in the me-
dian B/T of quenched satellite galaxies with respect to
star-forming ones can be explained by fading of the disks
following quenching.
Despite the boost in sSFR induced by the merger
event, the rate of surface star formation per kpc2 re-
mains similar at the ΣSFR ∼ 10−2.3 Myr−1kpc−2 level,
both for merging and nonmerging low-mass satellites, on
account of their different sizes (i.e., 50% larger in the in-
teracting satellites). These may indicate that feedback
is strong enough that it prevents star formation from
concentrating in the central galactic regions, leading to
an increase in measured galaxy sizes relative to the pro-
genitors (e.g., Hopkins et al. 2008). Moreover, a more
diffuse distribution of star formation seems to emerge in
simulations with a sufficient physical resolution to better
reproduce the real distribution of star formation within
galaxies (e.g., Teyssier et al. 2010). Similar evidence
for a reduced gas flow toward the galaxy cores during
interactions (relative to earlier pioneering experiments,
e.g., Mihos & Hernquist 1994) is also found in other re-
cent simulations (Cox et al. 2008; Di Matteo et al. 2007),
which indicate that feedback is most likely responsible
for preventing gas from flowing to the center and feeding
a centrally concentrated burst (see also Hopkins et al.
2013; Newton & Kay 2013). Our data offer global sup-
port for this scenario.
6.2. Which of the Different Environments Leads to
Galaxy Mergers?
From an environmental perspective, our data suggest
two main factors that either preferentially induce or
preferably enable galaxy mergers: either galaxies inhabit
the relatively small potential wells of low-mass group ha-
los (see Figure 1) or they lie at the bottom of the po-
tential wells of their host groups, i.e., they are central
galaxies (see Figure 2 and the discussion in Section 3.2).
The fact that, at any galactic mass in our study, galaxy
mergers are favored at low halo masses is consistent
with the expectation based on simple dynamical fric-
tion timescale arguments of satellites falling into groups
(Chandrasekhar 1943; Binney & Tremaine 1987), as
well as with analytical estimates that take into account
the merger cross section for direct mergers (e.g., Mamon
1992, 2000; Makino & Hut 1997). That is potentials with
relatively low velocity dispersions are more conducive to
galaxy–galaxy interactions than more massive, higher ve-
locities halos (see also Perez et al. 2009; McIntosh et al.
2008; Heiderman et al. 2009; Tal et al. 2009). Halo-
occupation models further support this interpretation
by showing that the merger efficiency (i.e., the merger
timescale relative to the Hubble time) is about an order
of magnitude higher at halo masses MHALO ∼ 1012.5 M
than in massive halos with MHALO > 10
13.5 M (Hop-
kins et al. 2008).
These overall trends discussed when showing Figure 1
aggregate both mergers onto the central and satellite–
satellite mergers. At high galaxy masses, from Figure 1
we can infer that the biggest contribution to the slope
∆Γ
∆ logMHALO
comes from mergers involving central galax-
ies. This is further highlighted in Figure 11, where we
present once again our results on the merger fraction as
a function of MHALO for relaxed groups, this time con-
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sidering separately mergers with a central as the primary
galaxy (left panel) and mergers with a satellite as the pri-
mary galaxy (right panel). The slope ∆Γ∆ logMHALO stays
almost constant with pair separation around a value of
' −0.07. Such a value for the slope can be qualita-
tively understood in terms of the merger rate scaling
as the inverse of the group velocity dispersion to the
third power (e.g., Mamon 2000), further considering
that this latter quantity scales as M0.3HALO (e.g., Bryan
& Norman 1998), and finally taking into account that
the merger timescale (necessary to convert the merger
rate into fractions) seems to be independent of the halo
mass (Kitzbichler & White 2008).
At high galaxy masses, the predominance of central–
satellite mergers in our sample is also in very good agree-
ment with previous studies based on independent sam-
ples. For example, in their SDSS sample of & 1011M
galaxies, McIntosh et al. (2008) find that at least half of
their merger events involve a central–satellite systems.
The increase in the merger rate with decreasing group-
centric distance is expected in analytical estimates (e.g.,
Mamon 2000). Moreover, the important role of mergers
in building up the central galaxies of groups is well doc-
umented in numerical simulations (e.g., Feldmann et al.
2010; Feldmann, Carollo & Mayer 2011), and is sup-
ported by observations at both similar (Tal et al. 2009;
Rasmussen et al. 2010) and earlier epochs (e.g., Rines
et al. 2007; Tran et al. 2008; Lin et al. 2010) as that of
the ZENS sample.
Finally, we note that the mild increase in the merger
fraction of low galaxy mass satellites in regions of low
(relative to high) LSS density is also found in other data
sets (see, e.g., Ellison et al. 2010). This would also be
supported by the predictions of the Guo et al. (2011)
semianalytical model that show a decrease (9%→ 6%) in
the merger fraction as the density increases, in agreement
within the errors with the ZENS data.
6.3. Comparison with Semianalytical Models
In order to make a more quantitative comparison with
theoretical expectations, we made use of the publicly
available11 data from the Guo et al. (2011) semianalyti-
cal model. In brief, the model follows the dynamics of the
subhaloes hosting the satellite galaxies until their dark
matter content exceeds their baryonic mass, switching a
merger clock based on the estimated dynamical friction
timescale afterward. By construction, satellite galaxies
merge with the central of their halo. Groups fulfilling
the ZENS specifics in terms of redshift, masses, number
of members and bJ magnitude of the galaxies were se-
lected from a snapshot of the simulation box that was
projected onto one of its axes in order to define the pro-
jected LSS density exactly as in Paper I and to compute
projected distances among galaxies. Mergers were then
identified according to the projected separation and ve-
locities < 500kms−1, as in the empirical sample.
The dark red lines in Figure 11 show the predictions
from Guo et al. (2011) for the merger fraction versus
MHALO relation. As shown in the left panel, by selecting
d <20 kpc (<50 kpc) pairs involving central galaxies, we
11 Available at http://gavo.mpa-garching.mpg.de/Millennium/
(Lemson et al. 2006).
estimate in the models a merger fraction of ∼6% (∼17%)
at low MHALO and ∼2% (∼5%) at higher group mass, re-
spectively. The predicted variation ∆ Γ/∆ log(MHALO)
of the merger fraction with halo mass for mergers involv-
ing a central is in excellent agreement with our findings
at small separations. When selecting <50 kpc pairs, the
model predicts instead a steeper slope than the observed
one, but still in agreement within the errors.
Because in the Guo et al. (2011) model the satellite
mergers are computed on the basis of the dynamical fric-
tion formulae, in light of what was discussed at the out-
set of this section, it is not surprising that the simulation
broadly matches the observed trend with halo mass. It
is, however, remarkable the agreement in the normaliza-
tion, namely in the actual merger fractions. Given this
consistency with observations for the merger fraction in
groups of different halo masses, we can use the model
predictions to estimate that 1/6 (∼1/2) of the central–
satellite mergers at low (high) halo masses and d<20 kpc
in ZENS will coalesce in less than ∼300Myr, whereas the
remainder of the systems will take ∼1Gyr.
The right panel of Figure 11 shows that mergers in-
volving only high-mass satellite as primaries are instead
significantly underestimated in the model with respect to
our measure for relaxed groups. In the Guo et al. (2011)
semianalytical model, real satellite–satellite mergers are
in general extremely rare, with a fraction lower than 0.1%
that is well below our measured fraction. In the model,
these mergers involve a central of a halo that has been
accreted and still is a cooling site. Similarly rare are
satellite–satellite mergers fraction in other semianalyti-
cal models (e.g., Pipino et al. 2009).
There are two possible interpretations of these find-
ings. The first is that these models miss a key ingredi-
ent, namely satellite–satellite merging, which, if happen-
ing in nature (as indicated by our data), would be an
important channel through which environment operates
on galaxies. Another possibility is, however, that our re-
sults are affected by projection effects, which increase the
number of close satellite–satellite pairs. To disentangle
between these alternatives, we estimate the fraction of
close (d < 20(50) kpc) low-mass satellite–satellite pairs
that are sufficiently distant from their central galaxy to
avoid satellite–central mergers; we thus set a threshold
distance of 50 kpc between the satellite–satellite pair and
the central galaxy. In the models, the fraction of such
systems that we find in low and high MHALO groups is
respectively ∼ 0.2 (1.2)% and ∼ 0.1 (0.5)%. These frac-
tions are well below our estimated fractions in the ZENS
sample (see Figure 1), and they provide support for the
interpretation that only a small fraction of our detected
satellite–satellite mergers are due to projection effects
that lead to galaxy closeness or even superposition.
Dark matter simulations also provide support in the
same direction. Angulo et al. (2009) show that satellite–
satellite mergers occur in a ΛCDM universe and become
increasingly more frequent with decreasing subhalo ver-
sus main-halo mass ratio. These authors interpret this
result as being due to mergers of progenitor satellites
that are members of a subhalo that is in the process of
being accreted by a larger halo.
We finally also use the models to estimate whether
spurious galaxy superpositions may have led us to over-
estimated the central–satellite merger fractions. To this
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Fig. 11.— Merger fraction for pairs as a function of halo mass for the high galaxy mass bin and relaxed groups only. Close (d < 20 kpc)
pairs are shown with solid lines and dashed lines are for all pairs (d < 50 kpc). The mass of the primary (most massive) galaxy is used to
place each pair in the suitable galaxy mass bin. Left: the primary galaxy is also the central galaxy of the host group. Right: the primary
galaxy is a satellite galaxy. Predictions from the semianalytical model by Guo et al. (2011) for high-mass mergers are displayed as dark
red points and connected by lines with the same coding as a function of separation. We find that mergers involving high-mass satellites as
primaries are significantly underestimated in the model.
purpose we compute in the ZENS sample the fraction of
non-member galaxies which lie at a projected distance
< 20(50) kpc from the central of a given group. We
compare this fraction with the population of galaxies in
the simulation cube that lie within a 20 Mpc thick slice
centered on the given group, which have a velocity dif-
ference < 500 km s−1 and projected distance < 3Rvir
relative to the central galaxy of that group. This returns
a probability of a random projection < 0.1% at all group
masses under study. We therefore also conclude that the
central–satellite merger fractions that we have estimated
from our sample are not severely affected by superposi-
tion effects.
6.4. An Empirical View of the Effects of Mergers on
Galaxy Evolution
In contrast to the above-mentioned complex galaxy for-
mation simulations, a simple yet successful empirical pic-
ture of galaxy formation has been recently presented to
explain the role of galaxy mass and environment in the
evolution of the mass function of both active and passive
galaxies (Peng et al. 2010).
This scenario explains the evolution of galaxies as a
population driven by the cosmic run of the sSFR and its
interplay with both internally and environmentally in-
duced quenching rates. For what concerns our paper, it
is useful to remind that in the Peng et al. (2010) frame-
work, mergers are proportionally more important for the
growth of massive galaxies than at lower galaxy masses,
and that the merger fraction is about a factor of four
higher in the densest regions (which in their definition
roughly corresponds to the inner group regions, Peng
et al. 2012) than in the less dense environment. Mas-
sive galaxies, however, have already been mass quenched.
Therefore, the mergers involving massive galaxies are
dry and the fraction of passive galaxies undergoing sub-
sequent dry mergers quickly increases at masses above
1011 M.
This is consistent with ZENS data where: (1) the me-
dian mass of centrals involved in high mass mergers ex-
ceeds 1011 M; (2) their colors are as red as galaxies in
the control sample at the same mass, and (3) a strong
radial dependence of the merger fraction linked to the
growth of the centrals (e.g., Figure 2) is found. In ad-
dition, we find that the star formation is generally not
enhanced in low-mass satellites merging with centrals.
Taking into account the mass ratios of the pairs in our
sample, we expect that the increase in mass caused by
these dry mergers will be between 15% (median contri-
bution of low-mass secondaries) and 38% (median contri-
bution if the secondary is in the high galaxy mass bin). A
quantitatively similar average increase in mass is also ex-
pected by Peng et al. (2010) considering the constraints
given by the galaxy mass function evolution. Therefore,
our data offer to the broad picture of galaxy formation
a quantitative estimate of the typical growth of central
galaxies in the z ∼ 0.05 group environment.
7. SUMMARY AND CONCLUDING REMARKS
We have utilized the sample of 0.05 < z < 0.0585
ZENS galaxies with M > 109.2M (1274 galaxies) and
its 162 identified merging or close pairs systems to inves-
tigate: (1) the dependence of the merger fraction Γ on
three different measurements of environment, i.e., halo
mass, group-centric distance, and LSS density; and (2)
the internal properties of merging satellite and central
galaxies in comparison with galaxies of a control sample
having similar stellar masses, rank within the host group
potentials, and environment. Our main findings are as
follows:
1. In relaxed groups and at any galaxy mass scale in
the range 109.2M– 1011.7M, an enhancement in
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Γ by a factor of ∼ 3 is observed in groups with
masses MHALO < 10
13.5 M relative to higher
mass groups. The sharp drop in Γ at halo masses
MHALO > 10
13.5 M suggests that merger activity
is effectively suppressed by the large galaxy veloc-
ities sustained in high mass halos. In the case of
relaxed groups, we infer a variation in the merger
fraction ∆ Γ/∆ log(MHALO) ∼ −0.07 dex−1, which
is almost independent on galaxy mass and merger
stage.
2. A similar increase in the merger fraction at low LSS
densities (log10(1 + δLSS) < 0.7) is seen in our data
at the & 2.5σ level for low-mass pairs or high-mass
mergers involving a central galaxy. We find that
it holds at the ∼ 2σ level if we restrict the analy-
sis to groups with MHALO < 10
13.7 M and hence
it is not caused by an underlying correlation be-
tween halo mass and overdensity. This interesting
suggested effect is thus a possible indication of the
influence of the LSS density on low-mass mergers
and central–satellites interactions which should be
further investigated with larger data sets.
3. Most mergers that we observe in our sample at
galaxy masses > 1010.2M are central–satellite,
gas-depleted dry mergers (see also, e.g., Edwards
& Patton 2012). These high-mass dry mergers
occur preferentially in relaxed groups, and support
numerical experiments indicating a substantial role
of mergers in the mass assembly histories of the
central galaxies of group halos (e.g., De Lucia &
Blaizot 2007).
4. The high frequency of central–satellite mergers at
high galaxy masses results in a nominal increase
of Γ in the inner, R < 0.5Rvir group regions; this
highlights the need to accurately disentangle the
galaxy populations of groups/clusters into centrals
and satellites, in order to properly interpret any
observational trend in galaxy properties with group
or cluster-centric distance.
5. At low galaxy masses of < 1010.2M, where in
ZENS we are only probing satellite galaxies, we
find evidence of merger-induced star formation in
the gas-rich (satellite–satellite) mergers. The rel-
evant environments in determining the amount of
induced star formation are, in decreasing order of
importance, the proximity to the companion, the
status (relaxed/unrelaxed) of the host group, and
to a minor extent the position within the halo. In
particular, the low-mass satellite–satellite mergers
have (specific) SFRs enhanced by a factor of ∼ 2−3
relative to their nonmerging counterparts when we
consider either coalesced or very close (< 20 kpc)
systems. Furthermore, a substantial fraction of
the low-mass satellites in mergers with the high-
est SFR are those in groups that are not yet re-
laxed, whereas low-mass satellites in mergers with
low (< 1Myr−1) SFR are mostly in relaxed sys-
tems.
6. From the analysis of the color maps and the com-
parison of the color gradients of merging galaxies
to those of the control sample, it appears that these
boosted star-formation activities are mostly dis-
tributed over the whole galaxy body, rather than
being concentrated in a nuclear ‘burst’ of star for-
mation. The most recent numerical simulations
also correct earlier claims for a merger-driven nu-
clear enhancement of star formation and ascribe to
stellar feedback the diffusion of the star-formation
activity throughout the extent of the galaxy (Cox
et al. 2008). This may also explain the ∼ 1.5×
larger sizes (implying ∼2–3× lower surface mass
densities) of these low-mass merging satellites rel-
ative to nonmerging satellites of similar mass.
7. The mass doubling timescales for low-mass
satellite–satellite mergers is 2–3 Gyr, a factor of
∼ 3 times shorter than that of similar nonmerg-
ing galaxies, but it remains nevertheless a factor
of ∼ 3 longer than numerically estimated merging
timescales for these systems (Cox et al. 2006).
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